Abstract -When superconducting accelerator magnets wound from multi-stranded conductor are energized a periodic variation appears in the magnetic field along the axis. This oscillation is present in all components of the field and has a period that is equal to the transposition pitch of the superconducting cable. Such axial variations have been observed even in windings which are not carrying any transport current. A magnetic field was applied to a portion of a dipole winding using a second magnet. h i a l oscillations were induced along the total length of the windings including the portion not in the applied field. The amplitude of these oscillations varied with the amount of inert winding inside the energizing magnet and with the angle of the applied field. These feld variations could be completely eliminated in the external portion of the coil by heating a small section of the winding above the transition temperature. 
Abstract -When superconducting accelerator magnets wound from multi-stranded conductor are energized a periodic variation appears in the magnetic field along the axis. This oscillation is present in all components of the field and has a period that is equal to the transposition pitch of the superconducting cable. Such axial variations have been observed even in windings which are not carrying any transport current. A magnetic field was applied to a portion of a dipole winding using a second magnet. h i a l oscillations were induced along the total length of the windings including the portion not in the applied field. The amplitude of these oscillations varied with the amount of inert winding inside the energizing magnet and with the angle of the applied field. These feld variations could be completely eliminated in the external portion of the coil by heating a small section of the winding above the transition temperature. Periodic variations in the sextupole field along the axis of superconducting dipoles were first observed at DESY in 1990 [ 13. It soon became apparent that such field oscillations were characteristic of all superconducting accelerator magnets [2-41. These axial variations are present in all the harmonic components of the field both skew and normal and have a wavelength equal to the transposition length of the superconducting cable. A typical example is shown in Fig.  1 for the dipole and normal sextupole components of a RHIC prototype dipole.
The mechanism which produces these oscillations is poorly understood, but they appear to be due to unbalanced currents in the individual strands of the cable. For all the magnets studied so far the field has been produced by the transport current in the coils themselves so that both field and current are changing simultaneously. In order to investigate this unusual phenomenon in detail an experimental arrangement in which the field and current were independent was assembled from apparatus available at BNL. A pair of prototype SSC coils were mounted in the bore of a test dipole and the field pattems measured to see if axial oscillations could be induced in windings which were not carrying any transport current. Figure 2 shows the position of the unpowered coils in the high field dipole. The coils are mounted on a "warm finger" or anti-cryostat so that the measuring probes are at room temperature. SSC 4 cm short inner coils were used since they were available and are small enough to fit in the test magnet. Because of the difference in length approximately one half of the windings are in the field. The soldered ends of the SSC coils were removed and there was no connection between the two halves. Initially the poles were aligned with the dipole as shown in Fig. 3 but the complete assembly could be rotated and moved axially over a limited range. A stainless steel foil heater was installed on the windings near the end not in the field. This heater covered the complete circumference and could directly heat the edge of every turn in the unpowered winding over a length of 2 cm. The dipole used to produce the applied field is capable of a maximum field of 7.5 T and has a persistent switch for dc operation which limits the ramp rate to approximately 50 gauss/sec. This magnet is used on a daily basis to measure the electrical properties of superconducting cables and the experiments described in this paper were done by substituting the assembly mentioned above for the usual high current sample holder. Earlier measurements had shown that the axial field pattem produced by this magnet was very small compared to the SSC prototypes which had been tested. The reason for the unusually small oscillations in this magnet are not understood but may be related to the fact that the cable in this magnet was made from a continuous piece of conductor and thus has very uniform strand-to-strand properties.
EXPERIMENTAL ARRANGEMENT
Hall ' \ robes The measuring system used in this study is illustrated in Fig. 4 and consists of an array of eight Hall effect sensors in a solid aluminum form. This probe is connected by a long shaft to a transport mechanism which provides axial and rotational motion under the control of a small computer. The Hall sensors were chosen from a large batch ( -40 units) by direct measurement in a special magnet designed for t h s purpose.
After all the sensors had been measured individually similar units were tested simultaneously by directly subtracting the output voltages. In this way two groups of four elements each with closely matched properties were selected. One pair (labeled 1 and 2 in Fig. 4) can be used to measure all field harmonics by rotating the probe holder through 360 degrees and analyzing the difference signal. Adding the outputs of the elements labeled 2, 3 and 4 gives a signal directly proportional to the sextupole field without requiring rotation and can be used to scan the axis for this harmonic. A second set of four elements is positioned 4 cm from first group. Three heaters are evenly spaced around the probe form and extend over its length. A platinum resistance thermometer is imbedded in the aluminum form and used to control the heaters and keep the assembly at a constant temperature as it scans up and down through the coils.
EXPERIMENTAL RESULTS
The most interesting result was observed as soon as the dipole was energized. An axial oscillation signal appeared in the bore of the unpowered coils even in the portion that was not in the applied field. The amplitude of t h s oscillation increased as the field increased and decayed when the field was maintained at a constant level. When the field was reduced the oscillation amplitude decreased, but due to the continuous decaying of the pattern an oscillation of the opposite sign is present when the dipole current is reduced to zero. The magnitude of this remnant pattern depends on how high the driving field is raised and how long it is maintained at this level since the amplitude decays more rapidly at higher levels. Figure 5 shows the remnant sextupole oscillation after a cycle up to 2T and back to zero. The amplitude inside the dipole is twice as big as in the region outside the magnet. None of the signal observed inside the magnet is due to the dipole itself since the pattern turns with the unpowered winding when it is rotated. Once established the patterns lasts for a very long time, decaying rapidly at first and then very slowly. The amplitude of the axial pattern is measured by scanning a region covering several oscillations and using the same analysis method as in the rotating case. Typically three complete oscillations are included and the magnitude appears as the third harmonic in the Fourier analysis. This technique can be used to determine the exact wavelength by adjusting the scan length to maximize the appropriate harmonic. Oscillations occur in both the skew and normal sextupole terms but the values depicted in the figures are all for the normal component for simplicity.
When the heater is energized the axial pattern behaves in an unusual way. As the heater current is increased nothing changes until a critical value is reached when the pattern outside the magnet vanishes almost instantaneously. This is illustrated in the top of Fig. 6 where the heater is turned on during a scan. Inside the dipole the pattern is reduced but does not disappear. The bottom trace of Fig. 6 shows that a small oscillation reappears by the time the probe returns after passing through the dipole. A second heater pulse will eliminate this small oscillation whch only reappears when the heater is on for a very short time. If the heater is used to eliminate the axial pattern at field an oscillation of opposite polarity appears when the magnet is turned down. Using the heater it is possible to start at any position on the magnet energizing curve and raise or lower the field to produce appropriate patterns. This can only be done for the region outside the magnet of course since all the signal does not damp out inside the magnet when the heater is pulsed.
Using this technique the amplitude induced by a step in field was investigated. The signal between 40 cm and 65 cm (three oscillations) was measured under the following conditions: First, the heater was used to eliminate any oscillation; then the field was increased to 1.3 T (500 A) and the amplitude measured. After erasing the signal at this level the field was increased to 2.6 T, an equal step in field, and the amplitude remeasured. Again the pattern was eliminated by heating and the field increased to 3.9 T. This procedure was repeated for the same steps on the way down. For each of these field steps the oscillation amplitude was found to be the same (0.37 Gauss rms) within the accuracy of the measurement (.01 Gauss rms) and to have the same time dependence. This experiment was repeated using different ramp rates with the same result when the effect of decay during the slow ramps is taken into account. Due to the presence of the persistent mode switch it was not possible to achieve field change rates comparable to those of previous self-powered magnet tests [4] .
The effect of moving the unpowered coil relative to the dipole was examined by measuring the amplitude of oscillation induced by a 4 T field change as the coil was raised in 1 cm steps. Initially the amplitude decreased to approximately 60 % of the initial value but then increased by almost two and one half times when the assembly had been moved one wavelength (8 cm). Unfortunately it was not possible to systematically investigate t h s behavior over a longer distance because of interference with other equipment. At this position (+ 8 cm) the unpowered coil assembly was rotated relative to the dipole and subjected to the same 4 T field change. The oscillation amplitude increased by almost a factor of two at an angle of 60". Again interference with other apparatus prevented a systematic study of the angular dependence.
IV. DISCUSSION AND CONCLUSIONS
The fact that axial patterns appear in the part of the coil not in the applied field implies that unbalanced currents are induced in the strands of the conductor and that the phenomenon is not a magnetization effect. The heater experiments are consistent with this since the oscillations vanish at a discrete current and are not changed by thermal inputs only slightly less than this critical value. Since these circulating currents are a very small fraction of the critical current, the heater must raise the temperature of the conductor to its critical value T,, to quench them. Because the pattern is approximately uniform over the whole external region and the heating of a very small section of this region eliminates the oscillations along its total length, a coherent distribution of currents that pass from one end of the winding to the other must exist. Inside the dipole the oscillation amplitude is larger suggesting that some of the induced currents are reflected by the discontinuity represented by the end of the high field region. The two sections of the coil behave somewhat like coupled resonant cavities. When the applied field is changed currents are induced in the conductor that reflect from the ends of the coil with a partial reflection at the dipole end. The heater quenches the currents which travel from end to end but does not affect those which only exist inside the dipole. Additional experiments are planned to see if removing the coil ends will eliminate the axial oscillations and to investigate the effect of a heater on the portion of the coil inside the dipole. The very slow decay of these induced currents remains somewhat of a mystery since the contact resistance between strands is much too large to explain the long time constants observed.
